The promoter of the murine thymidine kinase gene contains a binding site for transcription factor E2F. Using cell lines (3T3-LT) conditionally expressing polyomavirus large T antigen from a hormone-responsive promoter and reporter gene constructs carrying the thymidine kinase promoter with intact or mutated E2F sites, we show that this E2F site is the target for trans activation by the viral protein. Transcription of the growth-regulated endogenous thymidine kinase gene can be activated in serum-starved, quiescent 3T3-LT cells by induction of T antigen. Activation of transcription from the thymidine kinase promoter requires an intact binding site for the retinoblastoma protein in the T antigen. The same promoter region was furthermore shown to play a major role in growth regulation of the gene. As several other DNA synthesis enzymes also carry E2F binding sites in their promoters, our observations suggest a common mechanism of growth regulation of these genes and that they all might be targets for trans activation by DNA tumor virus proteins.
Enzymes involved in DNA synthesis and precursor production are coordinately regulated with growth in mammalian cells; they are induced in late G1 to early S phase of the cell cycle. The molecular basis of this regulation has yet to be established. Promoter sequences known for some of the enzymes differ markedly. For instance, while the promoters for cytoplasmic thymidine kinase (TK) of human and hamster cells have TATA and CCAAT boxes, the mouse promoter lacks both of these elements (reviewed in reference 27). Common to all of these promoters are GC boxes containing binding sites for transcription factor SP1. In addition, experiments on the promoter of mouse dihydrofolate reductase have shown that this promoter carries a binding site for transcription factor E2F (17) which is recognized by a protein (HIP1) whose relation to E2F is not clear at present (24) . Similar motifs are known to be present in promoters of other DNA synthesis enzymes, namely, those of DNA polymerase a (31) , TK (35) , and possibly thymidylate synthase (21) . We show here that the E2F binding site present in the murine TK promoter is the target for trans activation of the TK gene by polyomavirus large T (LT) antigen and is likely to play a major role in growth regulation of this gene. As the LT antigens of polyomavirus and simian virus 40 share with the ElA protein of adenovirus and the E7 gene product of human papillomaviruses the capacity to interact with the retinoblastoma protein (pRb), a negative regulator of E2F during the G1 phase of the cell cycle (reviewed in references 7 and 16), these observations indicate that promoters for DNA synthesis enzymes may be regulated by E2F dures (34) , using parts of the genomic clones of mouse TK (33, 35) and a commercially available chloramphenicol acetyltransferase (CAT) plasmid. Mutations in the E2F site or in MT3 were introduced by using oligonucleotides carrying the mutations (synthesized in a Pharmacia Gene Assembler) and the in vitro mutagenesis system of Amersham as recommended by the supplier. The presence of the mutations in the plasmids was verified by determination of the DNA sequence.
Cell culture, transfection, and CAT assays. Swiss 3T3 or 3T3-LT cells (28) were grown in medium containing 10% fetal bovine serum. For growth arrest by serum deprivation, the serum concentration was reduced to 0.2% and cells were used 3 days thereafter. For transfection of plasmids, cells growing logarithmically on 10-cm-diameter dishes were treated with 20 ,ug of the CAT plasmids, using the calcium phosphate coprecipitation technique (15) . After 8 h, cells received fresh medium. They were grown overnight and then trypsinized, and equal numbers were seeded onto two dishes, one of which received dexamethasone to a final concentration of 10-6 mol/liter for full induction of LT antigen; the other dish served as a control not expressing the viral protein. CAT assays (15) were carried out 28 h later, using equal amounts of cellular extracts.
Preparation of nuclear extracts and band shift assays. 3T3 or 3T3-LT cells growing logarithmically in medium containing 10% serum or arrested by serum starvation were used. Dexamethasone was added to the cultures to a final concentration of 10-6 mol/liter for the time indicated in individual experiments. Nuclear extracts were then prepared as described previously (1) , and band shift assays were carried out (30) by using a labeled synthetic double-stranded oligonucleotide corresponding to that part of the TK promoter which contains the E2F site (see the E2F oligonucleotide in Fig. la) . The nuclear extract was treated with deoxycholate (DOC) as described previously (5) . Anti-pRb monoclonal antibody XZ142 (19) (33) . Addition of these sequences to the CAT constructs led to an increase in CAT activity but did not cause any change in the trans activation by LT protein and the specificity of this process as regards the requirement for an intact E2F binding site (Fig. 1) . Dou et al. (12) reported recently that another region of the murine TK promoter (called MT3; nucleotides -29 to -42 [11] ) is involved in growth regulation of the gene. These authors suggested that pRb may be involved in the regulation through this site. As our CAT constructs included this sequence, we tested whether this region contributes to the observed trans activation. The sequence was mutated in vitro at three positions within a stretch important for its function (11) . We found that this alteration of the MT3 site did not influence the trans activation by LT protein (Fig. 1) , which, together with results described below, suggests that the E2F site is the sole or at least the major target for this effect.
So far we have tested for trans activation by transient transfection of reporter gene constructs. To extend this study to the role of the E2F site within the TK promoter in regulation of the endogenous TK gene, the following experiments were carried out. Serum-starved Swiss 3T3 or 3T3-LT cells were treated with 10-6 mol of dexamethasone per liter, which causes full induction of LT protein in the 3T3-LT line (28) . Nuclear extracts were prepared prior to and after addition of the hormone and tested in DNA mobility shift experiments for the presence of complexes forming at a synthetic E2F binding site of the TK promoter (Fig. 2) . As shown in a number of other studies, mobility shift experiments using E2F sites reveal the formation of several complexes, the simplest one containing free E2F. This complex can also be obtained by dissociation of higherorder complexes with DOC (5 (Fig. 2b) . This result indicates that the endogenous TK gene is trans activated by LT antigen via the E2F site. This conclusion agrees well with results of a study on the effect of the ElA protein on the expression of dihydrofolate reductase (17) . We want to point out one important advantage of our experimental system over those commonly used to polyomavirus or simian virus 40, the ElA protein of adenovirus, and the human papillomavirus E7 protein all contain a stretch with the consensus sequence Asp/Asn-Leu-X-Cys-X-Glu which is required for binding of pRb and p107. Mutating the Glu residue within this sequence in simian virus 40 LT protein to Lys eliminates pRb binding (9); the same was observed when the Glu residue within the pRb binding sequence of polyomavirus LT antigen (amino acid 146) was changed into Asp (22) . We have introduced these mutations (Glu-146 into Lys and Glu-146 into Asp) into the polyomavirus LT information in a plasmid described earlier (28) which carries the LT gene under the mouse mammary tumor virus promoter. That an interaction between the LT protein and pRb is important for trans activation of the TK gene was proven by showing that the mutated protein had a strongly reduced ability to trans activate the TK promoter in transient cotransfection assays (Fig. 3a) . Even more convincing is the result of the experiment shown in Fig. 3b . In this experiment, 3T3-LTmut cell lines carrying the information for the mutated LT antigen stably integrated in the genome of 3T3 cells, produced as described previously (28) In a normal cell cycle, pRb is phosphorylated during G1 and S phase (8, 23) , which again apparently results in a rearrangement of E2F complexes and a potential activation of E2F (5, 7, 14, 16, 18, 36) . To investigate the role of the E2F site in growth regulation of TK, addition of serum to serum-starved 3T3 cells was studied with relation to complexes formed at the E2F site (Fig. 5) . Gel electrophoresis showed a significant shift of complexes toward free E2F between 10 and 14 h after serum addition, while at the same time, slowly migrating complexes (possibly containing cyclin A and cdk2 [10, 26, 30, 36] ) appeared (Fig. 5a ). We again notice (i) that some of the putative E2F-Rb complex remains into S phase, which is in agreement with published data (36) , and (ii) that the quantities of free E2F seem to be larger than could be expected from their sole production from higherorder DNA binding complexes. The shift toward free E2F corresponds in time with the induction of TK mRNA at the GJ/S transition (Fig. Sb) , providing strong evidence for an important role of the E2F site in growth control of the murine TK gene.
The presence of E2F binding sites in promoters of several other genes coding for DNA synthesis enzymes suggests that growth regulation of these enzymes may take place by a common mechanism. This is similar to the regulation of DNA synthesis enzymes in the yeast Saccharomyces cerevisiae, in which a regulatory element, identical in sequence with the recognition site for restriction enzyme MluI (ACGCGT), plays a central role (20) . The trans activation by DNA tumor virus proteins of genes coding for DNA precursor-producing enzymes is probably part of the S-phaseinducing capacity of these viruses, a prerequisite for their replication which requires cells in S phase. In addition, it may, however, cause an imbalance in the pool of DNA synthesis precursors. This imbalance, in turn, might be followed by reduced fidelity of DNA replication and thus could account for the higher mutation rate and the chromosome instability (see, e.g., reference 37) observed 
